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Independently controlling permittivity and diamagnetism in broadband, low-loss, isotropic metamaterials at microwave frequencies 
that allows independent control of its permeability and permittivity has been fabricated and experimentally characterised. It is comprised of an array of metallic cubic-shaped elements with faces that are connected only through six orthogonal spokes emanating from the centre. The permeability is tailored through appropriate patterning of the faces, thereby controlling the propagation of eddy currents around the cubic elements while permittivity may be controlled by the thickness and dielectric constant of the inter-cube spacers. Metamaterials are artificial structures, where the electromagnetic properties are dictated by geometry in addition to the composition of the material. [1] [2] [3] Such materials are comprised of arrays of sub-wavelength elements arranged such that the interaction between individual elements with an incident electromagnetic field provides a collective effectivemedium response yielding bespoke values of complex relative permeability l r ¼ l r . This has led to the creation of metamaterials with exotic properties such as negative refractive index, 1, 4 very high refractive index, 5 and impedance-matched high refractive indices. 6 Methods for realising such properties typically rely on electromagnetic resonances, therefore suffering from a narrow operating frequency range and significant magnetic and dielectric losses.
1 By comparison, if such properties could be achieved in a metamaterial in a non-resonant manner, the response could be broadband 5 with low-losses. This gives electromagnetic properties desirable for the creation of graded index devices. 7 Consider first how one may achieve a high refractive index metamaterial comprised of a cubic array of subwavelength metallic cubes such as those illustrated in Figure 1 . The real part of the effective permittivity is relatively simple to control. By exploiting the capacitive coupling between adjacent cubes (e.g., by varying the gap between them), values of e 0 r )1 can be achieved. 8 However, since the cubic elements are metallic, they also exhibit a diamagnetic response (l 0 r $ 0) due to the propagation of eddy currents on the surface of the cube, limiting the achievable refractive index ðn ¼ Re ffiffiffiffiffiffiffiffi l r e r p Þ. Thus, in order to generate high refractive index metamaterials formed from cubic metallic elements, one needs to weaken the diamagnetic response (increase l 0 r towards 1). Tailoring the diamagnetic response of non-resonant metamaterials has previously been investigated by Lapine et al. 9 who aimed to achieve a near zero value of l r of approximately 0.1 from 10 to 500 MHz. In the first stage, they replaced the solid cubes with hollow cubes, each having separated faces that were only electrically connected through the centre of the cube by six conducting spokes (see Figure 1(b) ). This results in a weakened diamagnetic response: l 0 r being increased from 0.1 to 0.57 for the progression from the solid cube array to the array of hollow cubes with separated faces designed by Shin et al. The significant weakening is due to the confining of the currents to the edge of two plates perpendicular to the applied magnetic field and to the faces of the four plates parallel to the applied magnetic field. This has been experimentally verified by Campbell et al. in 2013. 12 In the second stage, Shin et al. subdivided each face (see Figure 1 (c)) to limit the area enclosed by surface currents, thereby decreasing the diamagnetic response and increasing l 0 r to a value of 0.97 whilst maintaining the large increase in e r . In this study, we verify that subdividing the plates does indeed weaken the diamagnetic response as proposed by Shin et al. and demonstrate thereby a high refractive index metamaterial for the microwave regime. We study three different metamaterial samples, initially via numerical modelling, before fabricating, and characterising their electromagnetic response over the frequency range from 10 MHz to 500 MHz. Schematics of the three individual elements of the three metamaterials studied are shown in Figure 1 .
Consider a plane wave normally incident upon the surface of a semi-infinite 3D cubic array formed from each element. For the array formed of solid metallic cubes ( Figure  1(a) ), the propagation of eddy currents around the whole cube produces a strong diamagnetic response. The hollow plated cube (Figure 1(b) ) reduces the area enclosed by the induced currents by confining them to the individual faces (four faces parallel to the incident magnetic field and two faces perpendicular to the incident magnetic field). The two plates perpendicular to the applied magnetic field provide the largest contribution to the diamagnetic response, since the induced current extends around the entire area of each plate with an area of ða À 2bÞ 2 ¼ 64 mm 2 . The plate thickness also alters the diamagnetic properties of the cube arrays. In the case where the plates are perpendicular to the applied magnetic field, increasing the plate thickness leads to increase in the integral of the current density, which strengthens the diamagnetic response. By contrast, the four plates parallel to the applied magnetic field produce a far weaker diamagnetic response, since the current loops only extends around the narrow edge of the plates, each presenting an area of ða À 2bÞt ¼ 0.56 mm 2 . Now consider the permittivity: since the effective e 0 r of the metamaterial is determined by the capacitive coupling between the plates of adjacent elements, it is dependent upon the spacing between them in the direction perpendicular to the incident electric field, the face size, and the permittivity of the spacer material between them. The reduction in the area of the faces in going from solid cubes to plates (100 mm 2 -64 mm 2 ) reduces the capacitance and hence the permittivity, but the second refinement, from solid plates to subdivided plates, does not result in significant further reduction.
The solid cube array was fabricated by spacing 10 Â 10 Â 10 mm solid copper cubes (shown in Fig. 1(a) ) with bare FR4 laminate (permittivity of 4.4 þ 0.02i) of thickness 0.8 mm, which provides a 1.6 mm gap between adjacent cubes. To fabricate the array of cubes with plated and structured faces, copper-clad FR4 circuit board was etched so as to produce an array of 8 Â 8 mm square patches (for the plated faces) and 8 Â 8 mm arrays of twenty connected 0.3 mm wide rods (for the structured faces) of thickness 35 lm. The boards were assembled to form two 6 Â 5 Â 1 arrays. Opposite cube faces were electrically connected through the centre of the cube by soldering wire onto each face to join at the centre, as illustrated in Figure 2 .
Two samples of each design were positioned above and below the central conducting line in a calibrated stripline of a similar design to that of Barry, 13 but designed such that the stripline was impedance-matched throughout the frequency range of interest (10 MHz-4 GHz) with no sample present ( Figure 3) . The stripline was connected to a vector network analyser (VNA) and the S-parameters (the complex reflection and transmission co-efficients) were recorded. Since each cube array was much wider (width ¼ 56.4 mm) than the signal line (width ¼ 22 mm), and since the presence of the ground planes above and below the cube arrays mimic an infinitely repeating array of cubic elements in the electric field direction (z-direction), the measured S-parameters were equivalent to those that one would obtain from a sample of infinite extent in the y-and z-directions.
The effective l r and e r of the metamaterials was determined in the frequency range of 10-500 MHz, using a fitting algorithm (implemented using the fmincon function in Matlab 14 ), which simultaneously fits the real and imaginary parts of the S-parameters to the well-known three layer Fresnel equations for normal incidence reflection and transmission through a parallel sided slab 
using the sum of squares difference between the measured and calculated values as the objective function. Here, t 13 , t 12 , t 21 , and t 23 are the complex transmission amplitude coefficients; r 13 , r 12 ; r 21 , and r 23 are the complex reflection amplitude coefficients; and e 2ia is the phase factor. Since this method fits to all data points simultaneously, it can only be used when the material properties are non-dispersive and, as will become clear below, this limits the frequency range of characterisation for the measured samples to between 10 and 500 MHz. The same fitting routine has been successfully utilised previously by Campbell et al. 12 when investigating plated cube arrays.
Before implementing the fitting routine method, one first needs to determine the frequency range over which the material properties are non-dispersive. This is easy to deduce for any of the three samples by examining a plot of the reflected and transmitted intensities calculated from the S-parameters as a function of frequency. Such plots are shown in Figure 4 , along with finite element method modelling of the systems calculated using Ansys HFSS. 15 Experimental data ( Figure  4(a) ) show a minimum at zero frequency followed by 4 distinct reflection minima. These correspond to the excitation of standing wave eigenmodes within the first Brillouin zone of the six unit cell repeat structure. It is apparent that the eigenmodes for each of the three different metamaterials are not equally spaced in frequency, with the peaks becoming closer together with increasing frequency as the Brillouin zone boundary in reciprocal space is approached. This nonuniform spacing clearly illustrates dispersion. Notice how, compared to the simple cube array the plated and structured cube arrays have transmission peaks that are compressed to lower frequencies due to the higher effective refractive index. One also observes the photonic band gap at frequencies above the 5th resonance within which no power is transmitted through the metamaterial samples. The non-unity sum of the reflection and transmission is indicative of losses in the metamaterial and is associated with the loss tangent inherently present in the FR4 circuit board. One can simply estimate the low-frequency effective refractive index of the metamaterials through consideration of the position in frequency of the first peak, found at 1.08 GHz for the solid cubes, 0.60 GHz for the plated cubes, and 0.54 GHz for the structured plated cubes, corresponding to refractive indices of 2.0, 3.7, and 4.1, respectively.
From analysis of the mode positions in Figure 4 , one can identify a low frequency band over which the effective material properties are non-dispersive between 10 MHz and 500 MHz. Thus, one can utilise the fitting routine method for extracting the effective l r and e r over this frequency band. The results of this process are shown in Figure 5 , where the real and imaginary parts of the measured and fitted reflection and transmission amplitude coefficients are plotted as a function of frequency, from these fits, values for l r and e r are deduced, as well as the refractive index, n, for each of the three types of cube array. These values are given in Table I and, not surprisingly, the values of n are almost the same as that naively estimated above. Table I shows the extracted electromagnetic parameters from each of the 3 different types of metamaterial sample, with each having been independently measured three times to estimate the experimental uncertainty. The increase in permeability in the progression from solid cube arrays to arrays of structured cubes demonstrates that the structuring greatly suppresses eddy currents as expected. In addition to our previous discussion regarding the origin of the diamagnetic response arising from induced currents on the faces of the cubic structures, we have used FEM modelling to analyse the effect on the circulating currents, and hence the diamagnetism, of the thickness of the plates. For the 2 pairs of faces parallel to the applied magnetic field, the diamagnetic response is weak with the current loops having a small area which leads to an approximately linear relationship between l 0 r and these plate thicknesses, with l 0 r decreasing as the plates thicken. For the 2 pairs of faces perpendicular to the applied magnetic field, the plate thickness does not impact the area of the current loop but instead alters the integrated magnitude of the current, which increases with increasing plate thickness, leading to an inverse relationship between l 0 r and the plate thicknesses. It is then apparent that using very thin metal, say, copper less than 20 lm thick, is beneficial for producing permeabilities of near unity and thus higher refractive indices. (Note that once the metal thickness is less than the skin-depth thick, this simplistic view fails.) e 0 r only falls from 19 to 18 when progressing from the plated cube array to the structured cube array. Provided the slats on the structured cubes are close enough together, the slats screen out the incident electric field and hence produce the same dielectric response as a solid face (acting essentially like a wire grid polariser). To further increase e 0 r , a material of higher e 0 r than FR4, or having a reduced thickness, should be placed between the cubes. Such modifications of the existing structures will provide a route to exceptionally high and, potentially, spatially variable refractive index metamaterials with independent control of the electromagnetic parameters within the constraints that e 0 r > 1 and 0 < l 0 r < 1.
In conclusion, a high refractive index broadband (10-500 MHz) metamaterial has been designed and fabricated that allows independent control of both its effective permeability and effective permittivity. We have demonstrated that, by appropriately structuring arrays of metallic cubes, it is possible to maintain a high effective permittivity whilst weakening the usual diamagnetic response, increasing the permeability from a value of 0.13 6 0.02 (strongly diamagnetic) for solid metallic cubes to 0.90 6 0.05 for our structured cubes. The permittivity undergoes a corresponding decrease from 26 6 2 to 18 6 2 due to the reduction in face area, resulting in an increase of the refractive index from 1.8 6 0.2 to 4.1 6 0.1. However, the scope for further increase in the permittivity is substantial, thus leading to opportunities for design control over a wide range of values of the permittivity, permeability, and refractive index. Hence, this provides a basis for the development of broadband metamaterials with bespoke electromagnetic parameters for applications in the field of microwave transformation optics.
